tions of children and elderly persons (12) . Those most susceptible to waterborne enteric infections are children, the elderly, pregnant women, and immunocompromised individuals (12) , so the need to ensure potable water supply to these groups is a priority (12, 13) .
Information on the water quality status in many countries in Latin America and the Caribbean is not readily available, but it has been estimated that 40% of the population consume water of substandard quality (14) . Water supplied to rural communities worldwide is generally of poorer quality than that in urban areas (15) (16) (17) . In Trinidad and Tobago, there is a dearth of information on the microbial quality of water provided to the population, while virtually nothing is known about the sources of water and water quality at the rural community level.
This study had two specific objectives: 1) to use coliform counts to determine the microbial quality of water supplies in four rural communities in Trinidad and 2) to determine the relationships among water source, storage device, and microbial water quality. We also tried to describe virulence markers of E. coli isolates and to determine the frequency of enteropathogenic and verocytotoxigenic strains.
MATERIALS AND METHODS

Period of study
The investigation was conducted in March and April 1998, during the dry season in Trinidad.
Water treatment
The Water and Sewerage Authority (WASA) is responsible for water treatment and distribution in Trinidad and Tobago. Chlorination is used to disinfect water piped and trucked to homes and provided by standpipes. Households that obtain their water from other sources (rainwater, rivers, springs, and wells) may or may not treat it themselves.
Survey of rural towns
The study was conducted in the administrative areas ("wards") of Toco and Matura, situated on the northeastern coast of Trinidad ( Figure 1 ). Trinidad is the larger of the two islands that make up the nation of Trinidad and Tobago. According to 1990 census figures (18) , Toco and Matura had a combined population of 7 462. We studied the four major towns in the two administrative areas, Matura (1 257 inhabitants) and Salybia (229 in- Trinidad habitants) in Matura, and Rampanalgas (297 inhabitants) and Toco (955 inhabitants).
Our selection of these two administrative areas for our research was based on three criteria. Firstly, both areas are rural, as defined by the Central Statistical Office (CSO) of Trinidad and Tobago, that is, with fewer than 50 individuals per km 2 . Secondly, the areas have a diversity of water supplies, representative of those found on Trinidad. Lastly, enough demographic information was available to allow for adequate statistical design of the study, particularly the sample size determination.
Sampling design
The sample size of 167 households was based on an estimated prevalence of coliform contamination of 7.8% (19) , a desired level of precision of 4%, and ␣ set at 0.05.
In each town, the first house at the end of a randomly chosen street was selected for sampling, followed by the systematic random sampling of every fifth house along the same street. If the residents of the fifth house did not respond, the next house in sequence after that one was targeted. The process of sampling every fifth household was then continued, counting from the nonrespondent household. For this investigation, nonrespondents were those households that could not or would not participate in the study for whatever reason or reasons. The number of samples taken from each town was proportional to each town's population.
Questionnaire administration
A comprehensive questionnaire was administered to each selected household. The questionnaire included such variables as family size, age distribution of family members, the number of years the family had lived in that house, main source of drinking water, and treatment and storage of water.
We interviewed a volunteer in each household who was able to provide adequate information for the survey.
Laboratory investigation
The laboratory component of the study was carried out in accordance with the method of the Environmental Protection Agency (EPA) of the United States of America (20) .
Sample collection, transportation, and storage
In each selected household, 250 mL of water was sampled in the form usually consumed by inhabitants. For pipeborne water, taps were allowed to run for 1 minute before water was aseptically collected into sterile widemouth glass bottles. Drinking water the households stored in bottles or other containers was poured into the sample bottles. All samples were transported to the laboratory ice-cooled and were processed within 6 hours of collection.
Enumeration of coliforms
For the enumeration of coliforms, the EPA procedure was used (20) . Endo agar and mFC agar (Difco, Detroit, Michigan, United States) were used to detect total coliforms and fecal coliforms, respectively, following millipore filtration (0.45 µm) and incubation at 37 °C and 44.5 °C, respectively. For each sample, 100 mL of water was initially filtered, but when the coliforms were too numerous to count, 50 mL of water was filtered. All counts were expressed as either total or fecal coliforms per 100 mL of water. All water samples having one or more coliforms per 100 mL were judged to be of poor quality, based on the zero tolerance level for coliforms in water that the EPA advocates (20) .
To detect E. coli, all colonies of coliforms which showed characteristic appearance on endo agar and mFC agar were subcultured on eosin methylene blue (EMB) agar, incubated over-night at 37 °C, and subjected to biochemical tests to identify E. coli (21, 22) .
Characterization of E. coli isolates
To detect mucoid and hemolytic strains of E. coli, all isolates were plated on sheep blood agar plates and incubated overnight at 37 °C. The appearance of mucoid-looking colonies and those with complete clearing (hemolytic) was noted. Similarly, Sorbitol MacConkey agar was inoculated with E. coli and incubated overnight at 37 °C. Colorless or cream-appearing colonies were classified as nonsorbitol fermenters (NSF), and pink colonies were considered sorbitol fermenters (SF).
To detect O157 strains of E. coli among isolates, the slide agglutination test was performed using E. coli O157 antiserum (Difco, Detroit, Michigan, United States).
To grow E. coli isolates for toxin production, a loopful of 69 randomly selected isolates was each inoculated into 20 mL of brain heart infusion broth and incubated on a gyratory shaker in a water bath (Forma Scientific, Marietta, Ohio, United States) at 37 °C overnight as described earlier (23) . The broth cultures were spun down in a centrifuge at 15 000 ϫ g for 15 min, and the supernatant was assayed for verocytotoxin (VT) using Vero cell monolayers with appropriate negative and positive controls (24) . To detect E. coli isolates that belonged to enteropathogenic serogroups, 200 isolates of E. coli were randomly selected from the four towns, based on the number of isolates, and were tested by slide agglutination tests using E. coli polyvalent antisera A and B (Central Veterinary Laboratory, Weybridge, Surrey, United Kingdom).
Analysis of data
In view of the high counts of total coliforms, and as suggested earlier (16) , samples were classified as good/ fair (0-20 total coliforms per 100 mL), poor (21-100 total coliforms per 100 mL), and very poor (over 100 total coliforms per 100 mL). For fecal coliforms, the categories used were good/ fair (0-5 fecal coliforms per 100 mL), poor (6-20 fecal coliforms per 100 mL), and very poor (over 20 fecal coliforms per 100 mL).
Demographic parameters, water management variables, and water quality were compared among the four towns. Analysis of variance (ANOVA) was used to compare household size and the length of residence in the town, and Kruskal-Wallis one-way ANOVA was used to compare the distribution of water sources, the storage devices used, and the use of boiling or some other form of home treatment of water. The chi-square test was used to compare the prevalence of total coliforms and fecal coliforms that exceeded recommended limits (20) and the presence of virulence markers among E. coli strains isolated from the four towns.
The association between storage device and contamination of water was tested using a Mantel-Haenszel stratified analysis, controlling for source of water. To investigate the relationship between source of drinking water and contamination with total or fecal coliforms, a Mantel-Haenszel stratified analysis was also used, stratifying by storage device.
Epi Info version 6.04 (U.S. Centers for Disease Control and Prevention, Atlanta, Georgia, United States) was used for data analysis, and P values less than 0.05 were considered statistically significant.
RESULTS
One hundred and sixty-seven households in the wards of Toco and Matura participated in the study. Of the 164 households with known household size, 59 (36.0%) had 1-3 residents, 62 (37.8%) had 4-6 residents, and 43 (26.2%) had more than 6 residents (Table 1) . Household size did not vary significantly among the four towns studied, and there were no significant differences among the towns in the average length of time householders had lived in the area. All 167 households provided information pertaining to their most commonly used source of water. A standpipe was the most frequently used source (34.1%), while well water was the least common (0.6%). Pipeborne water supplied by the Water and Sewerage Authority (WASA) and piped directly into residents' homes was used by a total of 51 households (30.5%). Among the four towns, there were significant differences in the proportion of households utilizing water provided by WASA (pipe, standpipe, or truck) (P < 0.001), as well as in the proportion of households receiving pipeborne water from WASA (P < 0.001). Toco had the highest proportion of households using WASA water (90.0%) and WASA pipeborne water (62.0%), while households in Salybia were least likely to use WASA water (40.0%) and WASA pipeborne water (5.0%).
Of the 166 households that responded to the question pertaining to water storage practices, 105 households (63.3%) reported storing water in water tanks, 31 households (18.7%) utilized drums or barrels, and 29 households (17.5%) reported that buckets were their main storage device. One household did not store water at all.
Out of the 159 households that indicated their water treatment practices, 107 (67.3%) did not routinely treat their water. Of the 52 households (32.7%) that did treat their drinking water, boiling was the preferred method, used by 32 of those 52 households. Of the remaining 20 households, 17 of them used bleach/chlorine, 2 preferred boiling and bleach, and 1 filtered. Households receiving WASA water were more likely to report treating the water themselves (41 of 115 households, or 35.7%) than were households receiving water from untreated sources (11 of 44 households, or 25.0%), but that difference was not statistically significant (P = 0.20).
Considering total coliform counts, 38 .3% of water samples tested in this study were classified in the good/ fair category, 12.0% were poor, and 49.7% were very poor. The breakdowns for the four towns are illustrated in Figure 2 , for both total coliforms and for fecal coliforms. There were significant differences in total coliform counts (P < 0.001) and fecal coliform counts (P < 0.001) among the four towns. For both total and fecal coliform counts per 100 mL, Toco had the highest proportion of water samples in the good/fair category (both 80.0%) while Rampanalgas had the lowest proportion of samples in this category (both 16.7%).
According to the EPA standard of zero total coliforms (20) , 132 (79.0%) of 167 households were utilizing water unfit for human consumption. There were significant differences (P < 0.001) among the towns in the proportion of households with any coliforms in the drinking water sampled. The proportions ranged from 42.0% of households in Toco to 100% of households in Salybia (Figure 3) . Overall, 102 (61.1%) of the households had water supplies contaminated by fecal coliforms, and 111 (66.5%) of them had water supplies contaminated by E. coli. The prevalence of fecal coliform contamination in water ranged from 32.0% in Toco to 90.0% in Rampanalgas, and the difference in prevalence among the towns was statistically significant (P < 0.001). E. coli was detected in the drinking water of 28.0% of households in Toco, compared with 86.7% of households in Rampanalgas. The difference among the four towns in the proportion of households with E. coli detected in the drinking water was statistically significant (P < 0.001).
Water stored in tanks was significantly more likely (P = 0.04) to have been water piped directly into the home (36.2%) than was water stored in other devices (21.0%). Figure 4 shows the coliform contamination of water by source and by storage device. Drinking water stored in tanks was significantly less likely to be contaminated by total coliforms (72.4%) than was water stored in buckets, drums, or barrels (90.3%), even after adjusting for water source (P < 0.01). Water from tanks was also significantly less likely to be positive for fecal coliforms (53.3%) compared with water from other storage devices (74.2%), even after controlling for water source (P = 0.01). Good / fair (0-20/100 mL) Poor (21-100/100 mL) Very poor (>100/100 mL) Good / fair (0-20/100 mL) Poor (21-100/100 mL) Very poor (>100/100 mL) FIGURE 2. Number of households with various levels of drinking water quality in four rural towns, in terms of total and fecal coliform counts, northeastern Trinidad, 1998 WASA water piped directly to residents' homes was less likely to be contaminated by total coliforms (56.9%) than was water from all other sources combined (88.8%). This difference was significant, even after controlling for storage device in a stratified analysis (P < 0.001). Similarly, 41.2% of samples taken from homes with a direct, pipeborne WASA water supply were contaminated by fecal coliforms, compared with 69.8% of samples from all other homes. This difference was also significant after controlling for storage device (P < 0.01).
Total coliforms were more likely to be detected in water from an untreated source (89.6%) than in WASA water (74.8%), a difference that was statistically significant even after adjusting for storage device (P = 0.04). However, there was no significant difference in fecal coliform contamination between water from WASA and water from non-WASA sources.
The prevalence of virulence markers and enteropathogenic strains of E. coli isolates is shown in Table 2 . Of a total of 253 isolates of E. coli studied, 4 (1.6%) were mucoid, 9 (3.6%) were hemolytic, and 37 (14.6%) were nonsorbitol fermenters (NSF). Of the 200 E. coli isolates tested for enteropathogenic strains, 28 (14.0%) belonged to the enteropathogenic serogroups. The difference in the prevalence of enteropathogenic strains among towns was not statistically significant.
Of 69 isolates of E. coli tested for verocytotoxigenicity from the four towns, 10 (14.5%) were verocytotoxigenic. Isolates from Matura had the highest frequency of verocytotoxigenicity (6 of 29, 20.7%), while none of the four isolates from Salybia was verocytotoxigenic.
Only 5 (2.0%) of a total of 253 E. coli isolates tested were O157 strains, with 2 (1.4%) of 139 isolates from Matura and 3 (5.4%) of 56 isolates from Rampanalgas agglutinated by O157 antiserum.
DISCUSSION
Based on the presence of total coliforms (79% of households) and fecal coliforms (61% of households), a substantial proportion of rural households were found to have drinking water considered unfit for human consumption. This was even true for households receiving treated, pipeborne water distributed by the Water and Sewage Authority (WASA), where total coliforms were detected in 57% of samples and fecal coliforms were detected in 41% of samples.
Water destined for human consumption should be free of coliforms (20) . The health implications of waterborne coliform contamination cannot be overemphasized. The presence of coliforms in water is an indication of fecal contami- nation and has been associated with waterborne epidemics in humans (1, 4, 25) . The rather high proportion of households supplied with treated pipeborne water distributed by WASA that is unfit for human consumption may be a reflection of several factors. Both inadequate chlorination of water at treatment plants and posttreatment contamination along the water distribution line can result in coliforms in water (26, 27) . A third factor may be that almost all of the water supplied to households was kept in some form of storage device. Having unsanitary storage containers is known to contribute to substantial reductions in water quality (28) .
In our research, the water stored in tanks was of significantly higher quality than water stored in buckets, barrels, or drums, even after controlling for water source. This strongly suggests the role of containers in the contamination process, since tanks are usually covered, and the other storage devices are frequently left uncovered and subject to contamination.
Despite the high level of contamination of pipeborne water that WASA provided directly to residents' homes, this water was of a significantly higher quality than water provided by all other sources, even after the households' primary method of water storage was taken into account. However, fewer than one-third of the households in these two administrative areas of the island received this superior pipeborne water.
When all of the WASA water sources were grouped together (pipeborne, standpipe, and truckborne) and compared with water from untreated sources, no significant difference in fecal coliform contamination was found. This suggests that contamination occurred in the trucks themselves or in the containers used by residents to transport water from standpipes to the storage containers used at home.
The vast majority of households supplied by river, spring, or well water had drinking water considered unfit for human consumption, based on the presence of total coliforms (84%) and fecal coliforms (79%). All of the rivers or springs in question were located less than 400 m from a road or a household. Furthermore, in Matura a latrine was less than 27 m from a river from which some households in the study collected drinking water. Closeness of toilets or latrines to water sources can result in water contamination (15) .
It is alarming that of the 167 households sampled, 132 of them (79.0%) were consuming water considered unfit by international standards (20) . This situation is further compounded by the fact that only about one-third of the households that were surveyed used any of the various treatments that could improve water quality (13, 17, 26, 29) . The presence of coliforms in a high proportion of water samples is a good indicator of water contamination. This, coupled with the detection of E. coli in approximately two-thirds of the water samples, is also cause for concern since E. coli is an enteric pathogen responsible for gastroenteritis in humans (7) .
It was of etiologic significance that a number of the strains of E. coli isolated exhibited virulence markers, such as mucoid and hemolytic colonies, which are associated with pathogenicity (30, 31) . The frequency of these two virulence markers among the isolates of E. coli appears low, with 1.6% producing mucoid colonies and 3.6% hemolytic. However, the possibility of expression of other virulence markers, not assayed for, cannot be ignored (32) (33) (34) (35) .
Compared with other virulence markers studied among the isolates of E. coli, nonsorbitol fermentation was the most prevalent. It has been reported to be a phenotypic characteristic of E. coli O157:H7 strains that elaborate verocytotoxins (35) . It was therefore very significant that 14% of 69 isolates of E. coli tested were verocytotoxigenic, a first documentation of this type of E. coli from water sources in Trinidad and Tobago. Verocytotoxigenic E. coli (VTEC) or E. coli O157 strains, however, have been isolated from meat and milk and from dairy cattle in the country (36) (37) (38) . It is well documented that non-O157 strains of E. coli also produce verocytotoxins (38) . Waterborne outbreaks of gastroenteritis due to VTEC strains have occurred elsewhere (39, 40) . It is also clinically significant that 14% of the E. coli isolates in the current study belonged to enteropathogenic serogroups. These strains of E. coli are known to cause diarrhea in humans (7, 41) .
Based on the observation that 79% of households had water supplies unfit for human consumption, that only 32% of the households treat their water in any manner, and that we iso- lated E. coli strains that are verocytotoxigenic and belong to enteropathogenic serogroups, we conclude that a great potential exists for waterborne gastroenteritis in Trinidad. There is, therefore, an urgent need to improve the quality of water supply to the administrative areas of Toco and Matura.
The following four-point approach is suggested for improving the quality of water supplied to the rural communities studied:
• enhance the provision of pipeborne water, since this source was found to be of a higher quality than other sources
• investigate the source of contamination of pipeborne water supplies, to delineate the roles of the water delivery system and of household water storage systems • institute a system to monitor the quality of untreated water sources so that water collection can be restricted to uncontaminated sources and/or water treatment advisories can be issued appropriately • educate the public on appropriate water handling, storage, and treatment methods
It is evident that until these recommendations are implemented, water supplied to rural communities in Trinidad will continue to pose a health hazard to the population.
